ABSTRACT: A problem of particular interest in pressure vessel technology is the calculation of accurate stress-intensity factors for semielliptical surface cracks in cylinders. Computing costs for direct solution techniques can be prohibitive when applied to threedimensional (3-D) geometries with time-varying boundary conditions such as those associated with pressurized thermal shock. An alternative superposition technique requires the calculation of a set of influence coefficients for a given 3-D crack model that can be superimposed to obtain mode-I stress-intensity factors. This paper presents stressintensity-factor influence coefficients (SIFICs) for axially and circumferentially oriented finite-length semielliptical inner-surface flaws with aspect ratios [total crack length (2c) to crack depth (a)] of 2.6, and 10 for clad cylinders having an internal radius (Ri) to wall thickness (t) ratio of 10. SIFICs are computed for flaw depths in the range of 0.01 I a/t I 0.5 and two cladding thicknesses. The incorporation of this SFIC data base in fracture mechanics codes will facilitate the generation of fracture mechanics solutions for a wide range of flaw geometries as may be required in structural integrity assessments of pressurized-water and boiling-water reactors.
SUPERPOSITION TECHNIQUE
The stress-intensity factor (KI) is calculated by a superposition technique proposed by Bueckner [7] . Instead of calculating KI for the cracked structure using the actual loads, the calculation is performed with a distributed pressure applied to the crack surfaces only. This pressure is opposite in sign, but equal in magnitude and distribution, to the stresses along the crack line that are calculated for the uncracked structure with the actual loads applied. For an arbitrary stress distribution and the case of a 3-D semielliptical flaw, the truncated stress distribution is approximated with a third-order polynomial as indicated by Eq. (1):
where o(a') is the stress normal to the crack plane at radial position a', and a' and a are defined in Fig. 1 . The KI values are calculated for each of the individual terms (stress distributions) in Eq. (1) and are then added to obtain the total KI value as indicated by Eq. . (3) Values of K I~ (a) / Cj are calculated for each of the normalized stress distributions corresponding to each term in Eq. (1) (uniform, linear, quadratic, and cubic), using the 3-D finite-element analysis and an arbitrary value of Ci, such as unity. The quantity Ky(a) is referred to as the influence coefficient and, as indicated by Eq. (3), is dimensionless. Once the influence coefficients are obtained, they can be used with any values of Cj to obtain corresponding values of KI(a). For 3-D flaws, KT(a) values can be calculated for several points along the crack front, in which case KT(a) in Eq. (2) becomes Ky(a,$), where $ is the elliptical angle denoting the point on the crack front.
FIG. 1--Axially oriented semielliptical flaw on inner surface of cylinder.
The presence of a thin layer of stainless steel cladding on the inner surface of reactor pressure vessels has a significant effect on the KI values for inner-surface flaws because of very high thermal stresses generated in the cladding during a thermal transient. When using coefficients for 3-D flaws, it is necessary to represent the stress distribution in the uncracked cylinder with a third-order polynomial, and thus the discontinuity in the thermal stress at the clad-base material interface presents a problem. To accommodate the stress discontinuity associated with the cladding [5] , influence coefficients were calculated for the cladding stresses alone; the corresponding KI value can then be superimposed on the KI value due to the stresses in the base material. This is accomplished by first calculating a KI value for a continuous-function stress distribution obtained by a linear extrapolation of the stress distribution in the base material into the cladding. Then a KI value is calculated for a stress distribution in the cladding which is obtained by subtracting the extrapolated distribution from the actual distribution in the cladding, which is also assumed to be linear. The total KI value is simply the sum of the two. Because the stress distribution in the cladding is essentially linear, only a first-order polynomial is used for the cladding coefficients.
CALCULATION OF SIFICs ( K i )
element code. ABAQUS is a nuclear-quality-assurance certified (NQA-1) code that For the present study, KT values were computed using the ABAQUS [8] finiteemploys a domain integral method for the computation of the J-integral. A 3-D finiteelement model was generated for each crack depth and aspect ratio. The analysis matrix included a crack depth range from 2.16 mm to 108.0 mm (crack deptkdvessel thickness ratio of 0.01 to 0.5) and three different aspect ratios (2c/a) of 2,6, and 10. A total of 39 finite-element models and over 200 analyses were required to generate the KT values.
The 3-D finite-element models were generated with the ORMGEN [9] mesh generating program. A typical finite-element mesh for an axial, inner-surface, semielliptical flaw is shown in Fig. 2 (2da = 6 and a/t = 0.2). The vessel in Fig. 2 This model has 10792 nodes and 2255 twenty-noded isoparametric elements (reduced 2 x 2 x 2 integration). The mesh refinement was increased (more nodes and elements) near the crack tip for models with shallower flaws. From symmetry conditions, only one-fourth of the vessel is included in the finite-element model. Figure 3 shows the finite-element mesh for a circumferential flaw (2c/a = 6 and a/t = 0.3). In the process of calculating the SIFICs, careful attention was paid to using adequately converged finite-element meshes and an appropriate cylinder length. The number of elements in the circumferential and axial directions and around the crack front was increased, one at a time, to the point where addition of one element changed the value of KI by less than one percent. The resultant converged meshes for a 180", half-length segment of the cylinder had -30,000 degrees of freedom. The minimum length of the cylinder to negate end effects was estimated from the cylinder radial dimensions [ 101 to be = 3353 mm. From previous studies [5] , the appropriate length for a cylinder with a 6: 1, inner-surface, semielliptical flaw (dt = 0.2) was 1.4 times the estimated value, so a cylinder length of 4699 mm was used in these analyses. A second analysis was performed on a cylinder in which the length of the cylinder was doubled. The KI values around the crack front changed less than one percent. The adequacy of using SIFICs was investigated by calculating KI values by both the superposition (as implemented in the FAVOR code) and direct ABAQUS finite-element techniques. The first comparison was for the 6: 1 axial semielliptical flaw with a/t = 0.075 and the thermal loading through the vessel wall as indicated in Fig. 4 (a) . Representative material properties for these analyses (Table 1) Two analyses were performed on a clad cylinder having Ri/t = 10 and a/t = 0.1 with uniform and quadratic loading so a comparison of SIFICs could be made for vessels with the same Ri/t and a/t ratios but different t. The SIFICs around the crack front had less than 0.02 % difference between the analyses of the two cylinders (t = 216 mm and 108 mm).
At the outset of the present study, it was anticipated that SIFICs for shallow circumferential flaws (a/t 2 0.1) would be essentially identical to those computed for shallow axial flaws. This anticipated result was arrived at by examining SIFICs computed and reported [12, 13] flaw geometries give essentially identical results for a/t I 0.1, however, significant differences can be observed for deeper flaws. It could be expected that finite axial and circumferential flaws would show no differences for shallow flaws and less difference than that shown in Fig. 5 for deeper flaws due to the increased constraint provided by the 3-D geometry.
in Fig. 6 . Variations of the SIFICs at the deepest point on the crack front are shown as a function of a/t ratios for 2c/a = 10. It can be observed that there are essentially no differences between calculated SIFICs for circumferential and axial semielliptical innersurface flaws having an a/t _< 0.3. Small differences (-5%) can be observed for flaw geometries having an ah = 0.5 and 2c/a = 10. This difference is less for 2c/a of 2 and 6. Calculations for shallow flaws indicated no differences between SIFIC for finite axial and circumferential flaws.
These expected results were indeed realized in the present study as can be observed Tables 2-10 give the results of this study in terms of non-dimensionalized KJ values for axially and circumferentially oriented, inner-surface flaws in a cylinder, with surface length-to-depth ratios of 2: 1,6: 1, and 10: 1 , and with t = 2 16 mm (including the cladding), Ri = 2 184 mm, and t = 4699 mm. Also, there are coefficients for two cladding thicknesses (kl), 6 .35 mm and 3.96 mm. KJ values are obtained by computing K from J using a plane-strain relation, where K is the stress-intensity factor per unit stress applied to the crack face and then dividing by G. While English units were utilized to compute the K i values, the K, values, which are nondimensionalized, in the tables are appropriate for any consistent set of units (English, SI, etc.). 
COMPARISON WITH OTHER INVESTIGATORS
A comparison of some of the 3-D influence coefficients generated in this study with similar coefficients obtained by other investigators [3, 4] is shown in Figs. 7-9 . To compare the coefficients with those obtained from Raju and Newman [3], the influence coefficients in Figs. 7 and 8 represent KT values multiplied by a, where the shape factor (Q) is the square of the complete elliptic integral of the second kind. The shape factor for an elliptical crack is approximated by the following equation:
As indicated in Figs. 7 and 8 , the coefficients being compared pertain to axially oriented, inner-surface flaws in a long cylinder with a/t = 0.2 and 0.5 and aspect ratios of 2: 1 and 1O:l.
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Elliptic Angle (Deg) [3, 4] did not publish SIFICs for the shallower flaw depths so a comparison could not be made for a/t ratios less than 0.2. 
SUMMARY AND CONCLUSIONS
The results of the present study show that there are essentially no differences in SIFICs for finite inner-surface axial and finite inner-surface circumferential flaws having flaw depths (0.01 I a/t 5 0.5) and flaw aspect ratios (2c/a = 2,6, 10). This important finding implies that SIFICs for axial flaws can be used for circumferential flaws as deep as halfway through the vessel wall with very little error provided that 2c/a I 10. As might be expected. the greatest difference (-5%) between the two is obtained for flaw geometries with an a/t = 0.5 and 2c/a = 10. For implementation into fracture mechanics codes, it is recommended that SIFICs calculated for axial flaws be used for circumferential flaws having an a/t < 0.5 and 2c/a I 10. The SIFICs given in Table 10 should be utilized for circumferential flaws having an a h = 0.5. The submitted manuscript has been authored by a contractor of the U.S. Government No. DE-AC05-840R2 1400. Accordingly, the U.S. Government retains a nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes.
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